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Abstract 

Thin-film  rechargeable  batteries  with  a  lithium  metal  anode,  an  amorphous  inorganic  electrolyte,  and  cathodes  of  amorphous 
V2Os  and  crystalline  and  amorphous  Lt,Mn204  have  been  fabricated  and  characterized.  The  performance  of  the  thin-film  cells 
was  evaluated  at  different  current  densities  and,  in  the  case  of  Li-V205,  at  several  temperatures.  Electrical  measurements 
show  that  the  current  density  of  the  thin-film  cells  is  limited  by  the  lithium-ion  mobility  in  the  cathodes.  The  resistance  of 
Li-Li,Mn204  cells  with  crystalline  cathodes  is  about  two  orders  of  magnitude  lower  than  that  of  Li-V2Os  cells  with  amorphous 
cathodes. 
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1.  Introduction 

Thin-film  lithium  batteries  based  on  lithium  metal 
anodes  and  cathodes  of  oxide  lithium  intercalation 
compounds  including  V205  and  LijrMn204  have  been 
under  investigation  in  this  laboratory  for  several  years. 
The  development  of  these  cells  was  made  possible  by 
the  unique  amorphous  inorganic  electrolyte,  lithium 
phosphorus  oxynitride,  that  we  have  described  previously 
[1].  Recently,  a  multilayer  protective  coating  was  de¬ 
veloped  so  that  cells  can  be  operated  in  air.  In  this 
paper,  we  discuss  the  cycle  behavior  and  rate  capability 
of  Li-V205  cells  at  different  temperatures  and  present 
some  recent  results  on  Li-LiMn204  cells  with  cathodes 
that  were  deposited  by  evaporation  and  sputtering. 


2.  Experimental  procedures 

A  cross-sectional  drawing  of  a  typical  thin-film  battery 
is  shown  in  Fig.  1,  and  the  fabrication  steps  are  illustrated 
in  Fig.  2.  The  sputtering  steps  were  carried  out  using 
2  in.  magnetrons  operating  in  either  a  d.c.  or  r.f.  mode 
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Fig.  1.  Schematic  cross  section  of  a  thin-film  lithium  battery. 


with  a  target  to  substrate  distance  of  5  cm.  The  batteries 
were  fabricated  onto  25  mmX25  mm  substrates  pre¬ 
pared  with  2000-A-thick  current  collectors  deposited 
by  sputtering.  For  V2Os,  the  substrates  included  glass 
microscope  slides  and  Coors’  ADS  996  alumina,  and 
the  current  collectors  were  V.  For  the  Li^Mn204  cells, 
the  substrates  were  alumina  and  the  current  collectors 
were  either  V  or  Pt  depending  on  whether  a  post 
deposition  anneal  of  the  cathode  was  made.  The  cath¬ 
odes  measured  11  mm  X 11  mm  and  were  0.13  to  about 
1  fim  thick. 

Most  of  our  investigations  of  thin-film  cells  have  been 
made  using  V2Os  cathodes.  The  phase  and  microstruc¬ 
ture  of  the  films  are  sensitive  to  several  process  variables 
including  substrate  temperature,  substrate  bias,  and 
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Fig.  2.  Layer  geometry  and  fabrication  steps. 


process  gas  composition.  The  form  we  have  found  best 
suited  for  thin-film  batteries  is  deposited  at  ambient 
temperature  by  d.c.  sputtering  of  V  targets  in  20  mtorr 
of  an  Ar  +  14%  02  gas  mixture  and  with  a  substrate 
bias  between  -5  and  -10  V.  Although  the  charge/ 
discharge  curves  resemble  closely  those  of  disordered 
crystalline  w-V2Os  reported  by  Delmas  et  al.  [2],  the 
V205  films  deposited  under  these  conditions  were  ob¬ 
served  to  be  amorphous  in  both  X-ray  diffraction  of 
1  fim  thick  films  and  in  electron  diffraction  from  500 
A  thick  films  deposited  onto  transmission  electron 
microscopy  (TEM)  grids.  From  both  Rutherford  back- 
scattering  and  Auger  electron  spectroscopy,  the  O/V 
ratio  of  these  films  is  O/V  =  2.5  ±0.1  Based  on  the 
cathode  mass  determined  from  a  quartz  crystal  rate 
monitor  and  the  thickness  measured  with  a  profilometer, 
the  average  density  of  the  amorphous  V205  films  is 
about  3  g/cm3. 

The  lithium  manganese  oxide  cathodes  were  deposited 
by  e-beam  evaporation  and  by  r.f.  magnetron  sputtering 
of  LiMn204  at  ambient  temperatures.  The  evaporations 
were  carried  out  in  10” 5  torr  of  02,  while  for  sputtering 
the  process  gas  was  a  mixture  of  Ar+10%  02  at  a 
total  pressure  of  20  mtorr.  Witness  films  were  deposited 
onto  silicon  substrates  for  X-ray  diffraction  measure¬ 
ments  and  observation  of  the  microstructure  in  a  scan¬ 
ning  electron  microscope.  Following  deposition,  the 
evaporated  films  were  annealed  in  02  at  temperatures 
from  400  to  800  °C  [3].  After  the  800  °C  anneal,  the 
films  were  found  to  be  single  phase  with  the  cubic 
spinel  structure.  The  films  deposited  by  evaporation 
and  sputtering  were  X-ray  amorphous  before  annealing. 

The  amorphous  lithium  phosphorus  oxynitride  elec¬ 
trolyte  films  (usually  1  p.m  thick)  were  deposited  by 
r.f.  magnetron  sputtering  of  Li3P04  in  N2.  Typically, 
the  composition  of  this  material  is  Li29PO3.3N046  and 
the  conductivity  2xl0~6  S/cm  at  25  °C  [1].  This  elec¬ 


trolyte  has  a  Li+  transport  number  of  unity,  and,  most 
importantly,  is  stable  in  contact  with  metallic  Li  at 
high-cell  voltages.  Lithium  anode  films  were  deposited 
by  evaporation  of  lithium  metal  contained  in  a  Ta 
crucible  at  a  pressure  of  about  10“ 6  torr.  Usually  3  to 
5  p.m  thick  films  were  deposited  corresponding  to  at 
least  five  times  more  lithium  than  required  for  complete 
discharge  of  the  cells.  After  the  lithium  deposition, 
some  of  the  cells  were  transferred  in  Ar  to  another 
deposition  system  where  the  protective  coating  was 
applied.  In  other  cases,  the  cells  were  connected  to 
clip  leads  and  placed  in  vacuum  tight  bottles  with  a 
piece  of  lithium  foil  acting  as  a  getter. 

The  thin-film  cells  were  cycled  at  constant  current 
between  specified  voltage  limits.  At  the  end  of  one  or 
both  half-cycles,  the  voltage  was  held  constant  until 
the  current  decreased  to  a  about  1  /iA.  Some  of  the 
experiments  on  Li-V2Os  cells  were  carried  out  with  a 
home-built  apparatus  consisting  of  two  Kiethley  elec¬ 
trometers  operating  under  computer  control.  Most  of 
the  d.c.  measurements  were  carried  out  using  a  Maccor 
battery  test  system  with  1  mA  channels.  The  impedance 
of  the  cells  at  different  potentials  was  measured  at 
frequencies  from  0.01  Hz  to  10  MHz  using  the  methods 
described  elsewhere  [4,5].  While  the  d.c.  and  a.c.  elec¬ 
trical  measurements  were  usually  carried  out  at  room 
temperature,  several  Li-V205  cells  were  also  studied 
at  temperatures  of  0,  15,  and  50  °C. 


3.  Results  and  discussion 

3.1.  Li-V2Os  cells 

The  Li-V2Os  cells  were  usually  cycled  between  3.6 
and  1.5  V.  Based  upon  the  mass  of  the  V2Os  films 
estimated  from  the  deposition  rate,  within  experimental 
error  the  initial  discharge  to  1.5  V  is  represented  by: 

3  Li  +  V2Os  =  Li3V2Os  (1) 

provided  the  cell  was  near  equilibrium  at  the  end  of 
the  discharge.  On  the  subsequent  charge  cycle,  the 
amount  of  Li  extracted  from  the  cathode  is  about  2.8 
Li  per  V2Os  at  room  temperature  (i.e.,  about  7%  of 
the  Li  ions  remain  in  the  cathode  after  the  initial 
discharge).  This  is  illustrated  in  Fig.  3  in  which  the 
initial  discharge  and  several  subsequent  cycles  are 
shown. 

With  continued  cycling  of  Li-V2Os  cells,  the  capacity 
decreases  gradually,  the  rate  of  decrease  depending  on 
the  cycling  conditions  including  temperature.  As  shown 
in  Fig.  4,  the  rate  of  capacity  fading  depends  on  the 
depth-of-discharge.  When  cycled  between  3.4  and  1.5 
V  at  room  temperature,  the  capacity  loss  for  this  cell 
was  about  0.1%  per  cycle  (curves  (a)  and  (c)),  but 
when  the  voltage  range  was  restricted  between  3.1  and 
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Fig.  3.  Initial  discharge  and  a  first  few  cycles  of  a  Li-V205  thin- 
film  cell. 
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Fig.  4.  Cycling  behavior  of  the  cell  of  Fig.  3  at  a  constant  current 
of  10  /iA/cm2  for  deep  discharges  at  25  and  60  °C  and  for  a  shallow 
discharge  at  25  °C.  In  (a),  (b),  and  (c),  the  voltage  was  held  constant 
at  3.4  V  until  the  current  decreased  to  1  fiA.  In  curve  (d),  the 
current  was  constant  at  10  fiA.  The  solid  line  through  the  data 
points  of  (d)  is  the  function  C-C0(l-6)",  where  C„  is  the  capacity 
at  cycle  number,  n  =  0,  C  is  the  capacity  after  n  cycles,  and  8  is  the 
fraction  loss  per  cycle. 

2  V,  the  capacity  loss  was  reduced  to  0.034%  per  cycle 
(curve  (d)).  This  rate  of  capacity  fading  remained  the 
same  after  more  than  1200  cycles. 

The  large  initial  loss  in  capacity  and  the  smaller  but 
continuous  loss  with  cycling  is  caused  by  the  entrapment 
of  Li  in  the  V205,  possibly  due  to  strain-induced  local 
changes  in  bonding.  The  lithium  is  evidently  trapped 
in  deep  potential  wells  since  it  cannot  be  removed  by 
overcharging  to  5  V.  It  is  interesting  to  note  that  the 
rate  of  capacity  loss  increases  at  higher  temperatures 
as  can  be  seen  by  comparing  the  slope  of  curve  (b) 
with  those  of  (a)  and  (c).  This  suggests  that  the  en¬ 
trapment  of  Li  in  the  cathode  is  a  thermally  activated 
process. 

The  cell  resistance  also  increases  with  cycling.  After 
a  few  cycles  under  the  conditions  for  curve  (a)  in  Fig. 
4,  the  cell  resistance  was  about  5140  SI,  but,  after  the 
500th  cycle  (curve  (d)),  the  resistance  had  increased 
to  about  12  kfi.  The  regions  which  contain  the  trapped, 
immobilized  lithium  evidently  block  the  conduction 
paths  for  diffusion  of  the  remaining  mobile  lithium 
ions.  With  increasing  concentration  and/or  size  of  the 
trapping  sites,  the  conductivity  decreases. 


The  Li-V205  cells  exhibit  good  shelf  life.  A  cell  that 
had  bee  n  discharged  to  a  resting  voltage  of  2.9  V  was 
stored  in  a  bottle  with  Li  foil.  Within  experimental 
error,  there  was  no  change  in  the  open-circuit  voltage 
after  12  months  of  storage  at  room  temperature. 

Examples  of  discharge  curves  at  different  current 
densities  and  at  5  /lAJcm2  at  different  temperatures 
are  shown  in  Fig.  5  and  6,  respectively.  In  these  ex¬ 
periments,  which  were  performed  before  the  extended 
cycle  tests  described  above,  after  each  discharge  to  1.5 
V  the  cell  was  charged  to  3.6  V  at  40  yuA/cm2,  and 
the  voltage  was  held  at  this  value  until  the  current 
decreased  to  1  jlA.  The  results  shown  in  these  two 
Figures  illustrate  how  the  useful  capacity  of  the  Li-V205 
cell  depended  on  discharge  rate  and  temperature. 

We  have  found  that  the  polarization  resistance  evident 
in  these  data  arises  mainly  from  the  slow  diffusion  of 
Li+  in  the  cathode.  By  least-squares  analysis  of  the 
impedance  spectra  [4,5]  for  several  cells  using  the  finite 
diffusion  model  of  Ho  et  al.  [6]  for  the  cathode,  the 
chemical  diffusion  coefficient  of  Li+  in  V205  at  25  °C 
is  10" 15  to  10" 12  cm2/s,  depending  on  the  particular 
cathode  and  the  open-circuit  voltage  (i.e.,  the  concen¬ 
tration  of  Li+  in  the  cathode).  The  cell  resistance 
decreases,  in  some  cases  by  several  orders  of  magnitude, 
as  the  lithium  content  increases  until  the  cell  voltage 
reaches  about  1.5  V,  then  the  resistance  again  increases 
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Fig.  5.  Discharge  curves  for  the  cell  of  Fig.  3  at  different  current 
densities  at  25  °C.  On  the  charge  cycle,  the  voltage  was  held  constant 
at  3.5  V  until  the  current  decreased  to  1  gA. 
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Fig.  6.  Discharge  curve  of  the  cell  of  Fig.  3  at  5  gA/ cm2  for  different 
temperatures.  On  the  charge  cycle,  the  voltage  was  held  constant 
at  3.5  V  until  the  current  decreased  to  1  jxA. 
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as  the  cells  are  discharged  below  1.5  V  [5].  The  imped¬ 
ance  spectra  of  Li-V2Os  cells  show  [4,5]  a  component 
which  is  one  to  two  orders  of  magnitude  lower  in 
resistance  than  the  bulk  cathode  resistance  at  cell  voltage 
of  about  3.5  V.  This  extra  component  evidently  arises 
from  an  interfacial  layer  that  is  formed  between  either 
the  current  collector  and  the  cathode  or  between  the 
cathode  and  the  electrolyte.  The  origin  of  this  barrier 
layer  is  presently  under  investigation.  Because  of  this 
layer,  the  polarization  resistance  of  Li-V2Os  cells  does 
not  simply  scale  with  the  cathode  thickness  since  the 
resistance  of  the  layer  is  a  constant  that  does  not  change 
as  lithium  intercalates  into  the  cathode.  At  voltages 
from  about  2  to  1.5  V,  the  interfacial  layer  can  contribute 
most  of  the  cell  resistance  depending  on  the  thickness 
of  the  cathode. 

3.2.  Li-LixMn204  cells 

The  initial  charge  and  a  few  subsequent  cycles  of 
one  of  the  Li-LixMn204  cells  are  shown  in  Fig.  7.  The 
0.3  /im  thick  cathode  was  deposited  by  e-beam  evap¬ 
oration  and  annealed  in  02  at  800  °C.  At  the  present 
time,  the  mass  of  the  evaporated  cathodes  has  not  been 
accurately  measured.  Based  on  the  measured  film  thick¬ 
ness  and  assuming  a  theoretical  density  of  4.2  g/cm3, 
the  discharge  capacity  of  11.6  /uAh  between  4.5  and 

3.8  V  corresponds  to  77  /xAh/mg.  We  suspect,  from 
prior  experience  with  other  types  of  thin  films,  that 
the  density  of  the  LiMn204  films  is  lower  than  theoretical 
so  that  the  actual  specific  capacity  of  the  cell  is  higher. 
After  300  cycles  at  25  °C  over  the  4.5  to  3.8  V  range 
at  20  /aA/cm2,  with  holding  at  4.5  V  on  the  charge 
cycle  until  i  =  1  fiA,  the  capacity  loss  per  cycle  in  this 
cell  was  0.006%. 

The  inset  in  Fig.  7  shows  a  discharge  at  20  /xA  to 
2.5  V.  After  the  sharp  transition  at  about  3.8  V  and 
11  fiAh,  a  second  plateau  was  observed  at  2.83  V. 
Presumably  this  corresponds  to  the  two-phase  region 
consisting  of  the  cubic  spinel  and  tetragonal  structures 


[7].  On  continued  discharge,  a  third  plateau  was  ob¬ 
served  at  2.5  V.  The  cell  was  evidently  not  stable  in 
this  region  since  the  voltage  immediately  relaxed  to 

2.8  V  on  switching  the  discharge  current  to  zero. 

The  resistance  of  the  Li-Li_cMn204  cell  in  the  4.5  to 

3.8  V  region  (i.e.,  in  the  single-phase  spinel  region) 
was  about  285  Cl  or  nearly  two  orders  of  magnitude 
lower  than  that  of  typical  Li-V205  cells  with  cathodes 
of  the  same  area  and  comparable  thickness.  As  shown 
in  Fig.  8,  this  particular  cell  could  be  discharged  at 
rates  of  1  mA/cm2  with  60%  retention  of  useful  capacity 
in  this  voltage  range.  These  results  provide  further 
evidence  that  the  polarization  resistance  of  our  thin- 
film  lithium  batteries  is  determined  primarily  by  the 
Li+  mobility  in  the  cathode.  Using  the  same  analysis 
of  impedance  spectra  described  above  for  Li-V205 
cells,  the  chemical  diffusion  coefficient  of  Li+  ions  in 
the  LixMn204  cathode  (4.3  V)  at  25  °C  is  about  10" 10 
cm2/s. 

Several  cells  were  fabricated  with  LiMn204  cathodes 
deposited  by  sputtering  at  ambient  temperatures.  Al¬ 
though  much  work  to  optimize  the  processing  variables 
remains  to  be  done,  the  preliminary  results  are  en¬ 
couraging.  As  for  the  sputter-deposited  V205  cathodes, 
the  LiMn204  cathodes  were  found  to  be  X-ray  amor¬ 
phous.  Some  cycling  results  for  one  of  the  cells  are 
shown  in  Fig.  9.  The  shape  of  the  discharge  curves  is 
similar  to  that  observed  for  the  crystalline  LiMn204 
cathodes  (Fig.  7),  although  the  relative  capacities  as¬ 
sociated  with  the  4.2  and  2.8  V  plateaus  differ.  The 
polarization  losses  for  the  sputtered  cathode  are  far 
larger  than  those  for  the  annealed,  crystalline  cathode: 
the  resistance  of  the  charged  cell  of  Fig.  9  was  about 
6000  Cl.  As  for  the  V205  cells,  this  cell  could  be  cycled 
reversibly  over  a  2  V  operating  range. 

The  specific  energy  and  power  based  on  the  cathode 
mass  for  a  few  of  the  thin-film  lithium  batteries  we 
have  investigated  are  compared  in  Fig.  10.  The  numbers 
near  selected  points  are  the  times  to  discharge  over 
the  voltage  range  of  3.6  to  1.5  V  for  the  Li-V205  cells, 
4.5  to  3.8  V  for  the  Li-LixMn204  cell  with  the  annealed, 


Fig.  7.  The  initial  charge  and  a  few  cycles  at  10  fiA  of  a  Li-LixMn204 
cell  in  which  the  cathode  was  deposited  by  e-beam  evaporation 
followed  by  annealing  at  800  °C  in  02.  The  inset  shows  a  discharge 
at  20  /xA  to  lower  voltage  plateaus. 


Fig.  8.  Discharge  curves  of  the  Li-Li,Mn204  cell  of  Fig.  7  at  25  °C 
at  different  current  densities.  On  each  charge  cycle,  the  voltage  was 
held  constant  at  4.5  V  until  the  current  decreased  to  1  jxA. 
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Fig.  9.  Discharge  curves  of  a  Li-LixMn20.«  cell  at  25  °C  in  which 
the  cathode  was  deposited  by  sputtering  at  ambient  temperature. 
On  each  charge  cycle,  the  voltage  was  held  constant  at  4.5  V  until 
the  current  decreased  to  1  pA. 
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Fig.  10.  Comparison  of  the  specific  power  and  specific  energy  of 
several  thin-film  lithium  cells.  In  the  legend,  ev  =  evaporated  and 
sp  -  sputtered.  The  numbers  beside  selected  data  points  are  the  times 
to  discharge  over  specified  voltage  ranges  given  in  the  text. 

e-beam  evaporated  crystalline  cathode,  and  4.5  to  2  V 
for  the  Li-LixMn204  cell  with  the  sputter  deposited, 
amorphous  cathode. 

4.  Conclusions  and  future  work 

The  results  presented  in  this  paper  show  that  the 
performance  of  rechargeable  thin-film  lithium  batteries 
depends  critically  on  the  nature  of  the  cathode  and 
the  methods  used  to  deposit  them  as  well  as  on  the 


cathode  geometry,  operating  temperature,  and  current 
density.  Much  of  our  present  research  efforts  are  di¬ 
rected  at  optimizing  the  current  density  and  capacity 
of  the  V205  and  LixMn204  cathodes,  searching  for 
methods  to  achieve  acceptable  performance  with 
LiMn204  films  at  processing  temperatures  well  below 
800  °C,  and  exploring  cells  with  other  oxide  cathodes 
such  as  LiCo02.  Prototype  Li-V2Os  and  Li-LixMn204 
batteries  for  several  types  of  new,  potentially  commercial 
electronic  devices  are  under  investigation. 
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